Abstract. In contrast to diurnal songs and calls, avian nocturnal vocalizations are understudied, and their occurrence and function are poorly understood. Here, using primarily the Birds of North America species accounts, I systematically examine the occurrence and potential factor(s) that contribute to nocturnal vocalizing across 749 species of breeding birds in North America and review proposed hypotheses on its function(s). Nocturnal vocalizations are reported from at least 30% of North American birds, across 18 of 22 orders, of which over 70% are considered diurnal. This indicates that nocturnal vocalizations are a taxonomically widespread behavior and are not restricted to nocturnal species as traditionally believed. Furthermore, it indicates that diurnal birds are extending activities into night-time hours, which may influence energy dynamics and reproductive success. Lack of significant phylogenetic signal suggests that nocturnal vocalizations are not merely a result of phylogeny, which leaves ecological factors such as elevated light levels and mated status as potential promoters of its occurrence. With less than 4% of avian vocalization literature concentrating on nocturnal vocalizations, the goal of this paper is to synthesize empirical knowledge and to stimulate more research in this field. 
INTRODUCTION
Most research on avian vocalizations has traditionally focused on the daytime vocalizations of diurnal birds (Barclay et al. 1985, Catchpole and Slater 2008) . Although some iconic species such as owls, loons, and nightingales are well known to these reports, however, are species-specific, largely anecdotal, and concentrate on sporadic or isolated events (Lewis 1893 , Pierce 1922 , King 1966 . With the exception of migratory species' flight calls (Libby 1899 , Graber and Cochran 1959 , Evans and Mellinger 1999 , nocturnal vocalizations by diurnal birds are generally considered to be rare (Lougheed and Handford 1989, Alessi et al. 2010) . Nocturnal vocalizations have not been examined systematically for an assessment of how taxonomically widespread they are or what their function(s) might be.
Nocturnal vocalizations are of interest because they contradict the idea common among ornithologists that diurnal birds almost exclusively sleep all night. Moreover, extended activities at night indicate that birds may partake in other behaviors associated with breeding (Alessi 2010) , which may influence reproductive success and energy dynamics. If nocturnal vocalizations are prevalent across taxonomic groups, then it may open research opportunities previously thought to be limited because of the implication that diurnal birds are only active during daylight hours.
The goal of this review is twofold: (1) to synthesize knowledge about nocturnal vocalizations and (2) to review hypotheses that may explain why they occur. The first half of this paper is dedicated to synthesizing knowledge about nocturnal vocalizations, using North American birds as a case study. To do this, I summarize data on 749 species of birds breeding in North America to examine how common nocturnal vocalizations are across taxonomic groups. I analyze the data phylogenetically to determine if there is a significant phylogenetic signal for nocturnal vocalizations among North American birds. Furthermore, I note the circumstances in which birds vocalize at night and how often they do so to see if there are any commonalities that may provide insight to nocturnal vocalizations' function. The latter half of this paper is dedicated to reviewing 12 main hypotheses that may explain nocturnal vocalizing. I outline specific predictions for each hypothesis to help differentiate them. I end with future directions and recommendations for the study of nocturnal vocalizations.
NOCTURNAL VOCALIZATIONS IN THE PRIMARY LITERATURE
Before going into the core of this study, I emphasize how few studies of nocturnal vocalizations are available. To highlight this, I searched online for studies of avian nocturnal vocalization in the Web of Science database. First, using the key word "bird," I restricted the search to include only bird studies. I then searched within "bird" results by using the key words "nocturnal vocalization," "night singing," "night song," "nocturnal song," "night vocalizations," "nocturnal singing," "night call," and "nocturnal call" separately and totaled these results to estimate the number of studies of nocturnal vocalization in the primary literature. To estimate the number of studies of avian vocalizations, I searched within "bird" results by using the key words "song," "singing," "call," "vocal," and "vocalization" and totaled these results. The Web of Science database found 101 studies about avian nocturnal vocalizations among 3270 studies about all avian vocalizations, suggesting that studies about nocturnal vocalizations constitute less than 4% of the avian vocalization literature.
SYNTHESIZING KNOWLEDGE ABOUT AVIAN NOCTURNAL VOCALIZATIONS
Avian vocalizations have traditionally been divided into two categories: songs and calls (Marler 2004, Catchpole and Slater 2008) . Catchpole and Slater (2008) defined songs as structurally complex, learned, and given by oscine passerines, and calls as simple, innate, and produced by nonpasserines and suboscines. This traditional dichotomy continues to be debated in the ornithological literature (Kroodsma 2005, Catchpole and Slater 2008) . Because of the unclear and controversial boundaries between songs and calls, this review uses the term "vocalization" to encompass all calls and songs given by oscines, suboscines, and nonpasserines.
Nocturnal vocalizations have been studied in detail for a handful species such as the Common Nightingale (Luscinia megarhynchos; Naguib 1999 , Amrhein et al. 2002 , Roth et al. 2009 ). However, there is a lack of knowledge regarding the taxonomic distribution of nocturnal vocalizations among birds. To increase knowledge in this field, this section addresses four main questions about nocturnal vocalizations with North American birds as a case study: (1) How taxonomically widespread are nocturnal vocalizations among birds that breed in North America? For me to categorize a species as vocalizing nocturnally; at least one peer-reviewed study must have reported vocalizations, songs, or calls at "night." I examined the occurrence of nocturnal vocalizations in North American birds by using a combination of three main resources: (1) the Birds of North America species accounts online (Poole and Gill 2011), the most comprehensive review of species-specific traits currently available for 749 breeding birds across 22 orders. (2) The Flight Calls of Migratory Birds CD-ROM (Evans and O'Brien 2002) , the most comprehensive collection of migratory birds' flight calls, with recordings of over 210 North American species. (3) An online search for information about nocturnal vocalizations in the primary literature. I first surveyed every species account in the Birds of North America for mention of nocturnal vocalizations. Subsequently, I surveyed every species on the Flight Calls of Migratory Birds CD-ROM (Evans and O'Brien 2002) , which added 44 species that were not mentioned in the Birds of North America as nocturnally vocalizing birds. The online search, encompassing the Scholar's Portal database, JSTOR, the Searchable Ornithological Research Archive (http://elibrary.unm.edu/sora/), and Google Scholar, for the key words "nocturnal vocalizations," "night singing," "night song," "nocturnal song," "night vocalizations," "nocturnal singing," "night call," and "nocturnal call." added 11 further North American species. I organized all nocturnally vocalizing species into orders and families on the basis of the American Ornithologists' Union (1998) checklist to determine the taxonomic distribution of nocturnal vocalizations.
IS THERE A SIGNIFICANT PHYLOGENETIC SIGNAL FOR NOCTURNAL VOCALIZATIONS?
I based a phylogeny for the 82 families on five recently published sources: Hackett et al. (2008) , Barker et al. (2001) , Jønsson and Fjeldså (2006) , Baker et al. (2007) , and Fleischer et al. (2008) . The partitioned maximum-likelihood consensus tree of Hackett et al. (2008) , based on 19 independent DNA loci (data obtained from http://www.biology.ufl.edu/earlybird/trees.html), allowed me to position 49 of 82 families. I supplemented 21 passeriform families not represented in Hackett et al. (2008) with Baker et al. (2001) . I supplemented the remaining 12 families as follows: 8 with Jønsson and Fjeldså (2006) , 3 with Baker et al. (2007) , and 1 with Fleischer et al. (2008) . Prior to analysis I adjusted the branch lengths of the terminal taxa with the ultrametricize function of Mesquite 2.74 (Maddison and Maddison 2010) , which ensures that all families have equal divergence distances from their common ancestors (Hofmann et al. 2006) . I calculated the percentage of nocturnally vocalizing species within each family as a measure of nocturnal vocalizations. I tested for phylogenetic dependence of nocturnal vocalizations by using Pagel's lambda with maximum-likelihood estimation in the statistical package R (Ihaka and Gentleman 1996) . Pagel's lambda ranges from 0 to 1.0, with λ = 0 indicating the complete absence of a phylogenetic signal and λ = 1.0 indicating that the trait being examined evolved significantly according to Brownian motion (Freckleton et al. 2002) . I used a likelihoodratio test to compare the maximum-likelihood model to a null model (λ = 0) and inferred significant phylogenetic signal for nocturnal vocalizations if the lambda estimate was significantly different from zero (Hughes and Page 2007) .
HOW OFTEN DO BIRDS VOCALIZE AT NIGHT?
To highlight the differences among birds in output of nocturnal vocalization, I classified nocturnally vocalizing species into three categories: regularly, occasionally, and rarely. Because quantitative measurements of nocturnal vocalization output are often not reported, I categorized species on the basis of the following key terms: regularly nocturnally vocalizing species were those described as vocalizing at night "regularly," "continuously," or "frequently"; occasionally nocturnally vocalizing birds were those described as vocalizing at night "occasionally" or "sometimes"; and rarely nocturnally vocalizing birds were those that "can," "may", or "rarely" vocalize at night. By these criteria, I was able to classify 126 species as regularly, occasionally, or rarely nocturnally vocalizing.
WHAT ARE THE CONTEXTS IN WHICH BIRDS VOCALIZE AT NIGHT?
For each nocturnally vocalizing species, I scored whether nocturnal vocalizations coincide with elevated light levels (in the presence of moonlight, artificial light), occur during the breeding season, occur during nocturnal migration, occur at nocturnal roosting colonies, are qualitatively different than diurnal vocalizations, and are produced by nocturnal, crepuscular, or diurnal species (as defined by daily activity budgets in Birds of North America accounts). Because "night" can vary with latitude, I noted if a species is reported to vocalize at night during continuous daylight or if most of its breeding range (over 75%) is located north of the Arctic Circle (66.6°N), where daylight is continuous during the summer (Karplus 1952, Booms and Fuller 2003) . I also noted whether each species is a known nocturnal migrant and, if the information was available, the nocturnal vocalization's type and hypothesized function (i.e., for mate attraction, territorial defense, pair bonding, etc.). For a more conservative estimate, I did not classify a species as a nocturnal migrant or as making nocturnal flight calls if these characteristics have been presumed but not confirmed. Nocturnal vocalizations have been reported from at least 232 of 749 species of birds breeding in North America. This behavior is present in at least 51 of 82 families and 18 of 22 orders. The orders with the greatest percentage of species that vocalize at night are the Trogoniformes, Caprimulgiformes, Procellariiformes, Gruiformes, and Strigiformes (Fig. 1) . Over 70% of nocturnally vocalizing birds are considered diurnal (Appendix 1, available at http://dx.doi. org/10.1525/cond.2012.100193). The percentage of species that vocalize at night varies by family (Fig. 1) . Nocturnal vocalizations do not appear to be restricted within a single family within each order. In the Passeriformes, for example, there are 106 nocturnally vocalizing species across 22 of 38 families (Fig. 1) .
IS THERE A SIGNIFICANT PHYLOGENETIC SIGNAL FOR NOCTURNAL VOCALIZATIONS?
The phylogenetic signal in nocturnal vocalizations is insignificant (Pagel's λ = 0.41, P = 0.78), which suggests that nocturnal vocalizations are not restricted by phylogeny (for tree, see Fig. 1 ).
HOW OFTEN DO BIRDS VOCALIZE AT NIGHT?
Of the 126 species that I was able to classify as regularly, occasionally, or rarely vocalizing nocturnally, 52% vocalized at night regularly, 27% occasionally, and 21% rarely (Appendix 1 online).
WHAT ARE THE CONTEXTS IN WHICH BIRDS VOCALIZE AT NIGHT?
Nocturnal vocalizations occur in a number of contexts. I found 30 species that vocalize at night on moonlit nights or in artificially lit areas, 108 species that vocalize at night during the breeding season, and 44 species that vocalize at night FIGURE 1. Phylogeny of the 82 avian families in North America surveyed in this study, based on Hackett et al. (2008) , who examined relationships with 19 independent DNA loci, with missing families supplemented with data from other studies (see text). Branch lengths have been ultrametricized (see text). Bold lines indicate families in which at least one species vocalizes at night; (n of n) next to each family name indicates the number of species that are known to vocalize nocturnally within that family (first number) out of the total number of species surveyed within that family (second number).
at communal nocturnal roosts (Appendix 1 online). Also, 23 species vocalize at night during continuous daylight, and 51 species have been documented as vocalizing at night only during migration (Appendix 1 online). It is important to note that a single species may vocalize nocturnally in multiple contexts (Appendix 1 online).
PROPOSED HYPOTHESES ABOUT NOCTURNAL VOCALIZATIONS
Avian vocalizations can have intraspecific and/or interspecific function(s), including, among others, communicating alarm, resource location, pair-bond maintenance, territory defense, and mate attraction (Searcy and Andersson 1986 , Marler 2004 , Catchpole and Slater 2008 . The majority of these studies, however, have focused on daytime vocalizations by diurnal birds.
Nocturnal vocalizations are traditionally associated with nocturnal and crepuscular birds such as owls and nightjars (Jacot 1931 , Appleby and Redpath 1997 , Woodin et al. 2000 , and this study confirms that the Strigiformes and Caprimulgiformes contain high percentages of nocturnally vocalizing species. These birds' nocturnal vocalizations are largely associated with regular activities such as mating and courtship that occur at night (Martin 1973 , Lundberg 1980 , Cink 2002 . Consequently, these nocturnal vocalizations are considered to function in a way similar to the daytime vocalizations of diurnal birds.
Over 70% of the 232 nocturnally vocalizing species I identified in this study are considered diurnal, which indicates that nocturnal vocalizations are much more widespread in diurnal birds than traditionally believed (Barclay et al. 1985, Lougheed and Handford 1989) . Lack of significant phylogenetic signal suggests that nocturnal vocalizations may instead be promoted by ecological factors (Barclay et al. 1985) . Here, I review and discuss 12 main hypotheses on the function(s) of nocturnal vocalizations, drawing examples from Eurasian and North American species. I postulate that nocturnal vocalizations likely occur in similar contexts worldwide, so these hypotheses should extend to birds of all regions. Because studies directly testing hypotheses are limited, it is important to note that some of the examples given for each hypothesis are preliminary observations based on the coarse data available and need to be verified by field experiments.
For each hypothesis, I give a description, predictions of each hypothesis that can be tested, and examples of species for which the hypothesis might explain at least some of the nocturnal vocalizations. These 12 hypotheses can be divided into two groups: the first six describe cases in which vocalizing at night has a clear advantage over vocalizing during the day (i.e., the vocalizations function best at night), whereas the latter six hypotheses describe cases in which advantage is gained by vocalizing both night and day (i.e., maximizing the time over which the vocalization serves its function). It is important to note that the hypotheses mentioned here are not necessarily mutually exclusive; they may work in combination with one another to promote nocturnal vocalizations.
ELEVATED LIGHT LEVELS
At dawn and dusk, dim light can stimulate vocalizations by causing neurological changes in the brain (Staicer et al. 1996 , Miller 2006 , thereby creating the dawn and dusk chorus (Wright 1912 , Allard 1930 . The sequential timing of birds entering the dawn chorus is related to retinal sensitivity; birds with higher retinal sensitivity vocalize earlier because they have a better ability to detect dim crepuscular light , McNeil et al. 2005 . Because retinal sensitivity is difficult to quantify without sacrificing individual birds (Maier 1994 , McNeil et al. 2005 , it has been suggested that eye size or timing of entry in the dawn chorus may serve as an appropriate proxy for a bird's ability to detect dim light . If so, then birds with relatively large eyes and/or that vocalize early in the dawn chorus may, as a consequence of their ability to detect dim light, vocalize on nights with elevated light levels. Examples of light sources at night include moonlight and artificial light (Lewis 1893 , Miller 2006 Chilton et al. 1995 ) (for more species, see Appendix 1 online). Although few studies have tested the effect of elevated light levels on nocturnal vocalizations directly (but see Miskell and Justice 2001 , Hill et al. 2005 , these species provide some preliminary support that light may play a mechanistic role in promoting nocturnal vocalizations.
REDUCED ACOUSTIC COMPETITION Acoustic competition from anthropogenic or heterospecific sources can interfere with the reception of bird vocalizations (Leonard and Horn 2005 , Slabbekoorn and Boer-Visser 2006 , Wiley 2006 , which can have negative consequences such as reduced mate attraction and territorial defense Andersson 1986, Searcy and Yasukawa 1996) . As a result, birds that live in areas that are noisy in the daytime may vocalize at night, when conditions are often quieter, instead of or as well as during the day.
If nocturnal vocalizations are a strategy to avoid competing with daytime noise, then these birds should live in an environment that is noisy during the day and quieter at night. These birds might also vocalize more at night than during the day and decrease vocalizations on noisy nights. Acoustic competition may particularly affect birds that live in urban areas, where anthropogenic noise is often greater by day than by night (Fuller et al. 2007) , and birds that live in areas where there is much daytime vocal competition from similarly sounding species (Ficken et al. 1974 , Walk et al. 2000 .
Examples of birds that have been suspected to vocalize nocturnally as a strategy to avoid competing with daytime noise include the European Robin (Erithacus rubecula), Henslow's Sparrow (Ammodramus henslowii), and Sedge Wren (Cistothorus platensis). European Robins that live in areas with high daytime traffic noise vocalize at night, while birds in quiet areas do not (Fuller et al. 2007) . Similarly, Henslow's Sparrows and Sedge Wrens in grasslands have been noted to vocalize more at night than by day (Walk et al. 2000) , possibly as a strategy to avoid competing with other species' vocalizations (Ficken et al. 1974 , Wasserman 1977 . More studies like that of Fuller et al. (2007) , who compared nocturnal vocalizations of populations in noisy and quiet environments, may help determine if this strategy is common.
ENHANCED SOUND TRANSMISSION
Weather conditions at night are often enhance sound transmission because of strong temperature inversions and decreased air turbulence (Larom et al. 1997) . Signalers may take advantage of these conditions and vocalize at night, which may allow their signals to reach more receivers without the sender expending extra energy on amplitude (Van Staaden and Römer 1997). Furthermore, at night, signalers may produce more complex vocalizations that cannot be heard as easily during the day (this is possibly related to the mate-attraction hypothesis discussed below). More complex vocalizations may help make the signaler more locatable (Hultsch and Todt 1982) , or a complex signal may be more attractive (Spencer et al. 2003) .
If birds vocalize nocturnally to take advantage of calm conditions at night, then it can be expected that these birds' vocalizations will travel farther at night than during the day and/or that their nocturnal vocalizations are more complex than daytime vocalizations. It can also be expected that they will vocalize less, if at all, on nights with high winds or stormy weather, which impede signal transmission (Lengagne and Slater 2002, La 2010) . Moreover, enhanced sound transmission may apply more to birds that live in open habitats than to those in closed habitats, where there is less risk for signal degradation due to air turbulence (Slabbekoorn et al. 2002) .
More complex vocalizations at night may apply more to oscine passerines, whose vocalizations are thought to be more malleable than those of suboscines or nonpasserines (Catchpole and Slater 2008) .
Species that may vocalize at night partly because of enhanced conditions for signal transmission include the Common Loon (Gavia immer), Rufous-collared Sparrow (Zonotrichia capensis), Altamira Oriole (Icterus gularis), and Yellow-breasted Chat (Icteria virens). Common Loon vocalizations travel up to 1 km farther at night than by day and decrease on nights with high winds (La 2010) . The Rufous-collared Sparrow, Altamira Oriole, and Yellowbreasted Chat make vocalizations qualitatively more complex at night than by day (For more species, see Appendix 2, available at http://dx.doi.org/10.1525/cond.2012.100193). For example, the Rufous-collared Sparrow's nocturnal songs are louder and have a longer and more sustained trill, a greater frequency range, and more syllable types (Lougheed and Handford 1989) . Directly testing this hypothesis is likely to be more challenging because it is based mostly on patterns and likely works with other hypotheses such as mate attraction. Studies that examine nocturnal versus diurnal transmission of vocalizations and the complexity of nocturnal versus diurnal vocalizations may provide some insight if enhanced sound transmission at night plays a role in promoting nocturnal vocalization.
NOCTURNAL CALLING IN MIGRATION
Flight calls are used to maintain contact in flocks particularly during migration (Hamilton 1962) . Many diurnal birds migrate at night (Graber 1968, Evans and O'Brien 2002) , and it has been suggested that they do so because of calmer winds and to avoid diurnal birds of prey (Alerstam 2009 ). Nocturnal calling in migration has been well studied for over a century (Libby 1899 , Hamilton 1962 , Farnsworth and Lovette 2005 , and it is widely accepted that these calls are used to maintain contact and flocks during nocturnal migration (Hamilton 1962) . Recent study suggests that nocturnal vocalizations also play an important role in selecting stopover habitats during migration (Mukhin et al. 2008 .
If nocturnal vocalizations are used to maintain flocks, to keep birds in contact, or as cues for stopover during nocturnal migration, then it can be expected that birds making them are nocturnal migrants, vocalize at night during the migration, and that their nocturnal vocalizations are flight or contact calls. In this study, I identified 51 species that have been documented as vocalizing at night only during migration, indicating that many birds vocalize at night for purposes of migration (Appendix 1 online). Examples include the Baltimore Oriole (Icterus galbula), Cedar Waxwing (Bombycilla cedrorum), Yellow-bellied Sapsucker (Sphyrapicus varius) (Evans and O'Brien 2002) , and Red-necked Phalarope (Phalaropus lobatus) (Rubega et al. 2000) . Although there is substantial evidence that nocturnal vocalizations are used for migration (Graber and Cochran 1959 , Evans and O'Brien 2002 , Farnsworth and Lovette 2005 , many species (181 species in this study) vocalize at night outside of the period of migration, implying that nocturnal vocalizations are made also for other reasons.
PREDATOR AVOIDANCE
A potential cost of producing vocalizations is to inadvertently give away one's location to an eavesdropping predator (Zuk and Kolluru 1998, Hale 2004) . As a result, to avoid being conspicuous, there may be a strong selection pressure for birds to vocalize when potential predators are not active. If so, then birds that are under considerable diurnal predation pressure and less nocturnal predation pressure may choose to vocalize at night, when diurnal predators are not active.
If nocturnal vocalizations are a strategy to avoid predation, then these nocturnally vocalizing birds should live in areas with high diurnal predation pressure and be under weak, if any, nocturnal predation pressure. Studies testing this hypothesis are almost absent. Thomas et al. (2003) , however, found that European Robins responded to playback calls at night more frequently in Wales than in Ireland. The authors suspected that this difference may have been due to nocturnal predation pressure, nocturnal predators in Ireland (mainly the Long-eared Owl, Asio otus) being more specialized in taking robins than the more generalist predators (Tawny Owl, Strix aluco) in Wales. This study provides preliminary support that predation pressure may influence the occurrence of nocturnal vocalizations.
NOCTURNAL ROOSTING GROUPS
Nocturnal communal roosting is common across taxonomic groups, and it is believed to be a strategy to reduce predation risk and thermoregulation costs (Beauchamp 1999) . Participating birds may choose to communicate at these nocturnal roosts because night may the only time that they come into close contact with one another. Furthermore, night may be an ideal time for social interactions of diurnal birds, when they are not engaged in other activities such as foraging (Thomas 2002) . This may apply particularly to seabirds, because they often forage solitarily at sea during the day and return to roosts on land at night (Bretagnolle 1996) . Nocturnal communal roosting is also prevalent in shorebirds and gulls (Byrd et al. 1983, Hébert and McNeil 1999) .
If a bird is vocalizing at night because of social interactions within nocturnal roosting groups, then it should be of a species that roosts or nests in groups at night and its nocturnal vocalizations should be made at the roost. Examples of birds that are suspected to vocalize at night because of nocturnal communal roosting include the American Crow (Corvus brachyrhynchos) (Chamberlain and Cornwell 1971) , Chimney Swift (Chaetura pelagica) (Edson 1893, Cink and Collins 2002 ), Leach's Storm-Petrel (Oceanodroma leucorhoa) (Huntington et al. 1996) , Least Tern (Sternula antillarum) (Thompson et al. 1997) , Manx Shearwater (Puffinus puffinus) (Lee and Haney 1996) , Ring-billed Gull (Larus delawarensis) (Hébert and McNeil 1999) , and Thick-billed Murre (Uria lomvia) (Gaston and Hipfner 2000) . In this study, I confirmed 44 species to vocalize at night within nocturnal roosting groups (Appendix 1 online), which suggests that this trait may be related to nocturnal vocalizations. TERRITORY DEFENSE In many species, a territory is a crucial prerequisite for the attraction of a female and successful breeding (Krebs 1971, Catchpole and Slater 2008) . Often, territories are defended throughout the day (Staicer et al. 1996) . It may be beneficial, however, to continue territorial defense into night-time hours, especially if there are prospecting individuals such as nocturnal migrants that are active at night. Previous speaker-replacement experiments have demonstrated that vocalizations alone are sufficient in deterring prospecting individuals from entering a territory (Krebs 1977 , Falls 1987 , Nowicki et al. 1998a . Territorial vocalizations may be especially useful at night, when other territorial signals such as visual ornaments are more difficult to evaluate Slater 2008, Alessi et al. 2010) .
If a bird is vocalizing at night to defend a territory, then it should be territorial, have a territory to defend, and have a risk of losing its territory at night, possibly to nocturnal migrants or floaters. Additionally, its nocturnal vocalizations should be the same as daytime territorial vocalizations and be made independent of nesting stage, provided that a territory continues to be valuable through the breeding season. Examples of birds whose nocturnal vocalizations are territorial include Cetti's Warbler (Cettia cetti) (Luschi and Del Seppia 1996) , Common Loon (Evers et al. 2010 , La 2010 , Western Meadowlark (Sturnella neglecta) (Lane 1933 , Weydemeyer 1933 , and Willet (Tringa semipalmata) (Sordahl 1979 , Lowther et al. 2001 , indicating that nocturnal vocalizations play a role in territorial defense. More study on the ability of nocturnally vocalizing birds to defend territories will provide insight into the success of this strategy.
MATE ATTRACTION
One of the main functions of vocalizations is to attract mates Andersson 1986, Catchpole and Slater 2008) . Nocturnal vocalizations may serve as a continuation of diurnal efforts at mate attraction (Barclay et al. 1985) , possibly to attract nocturnally migrating females. Betts et al. (2008) demonstrated that nocturnally migrating birds use post-breeding output of song as a social cue for habitat selection the next season, and that increased post-breeding song output (including nocturnal vocalizations) may be a cue for a higher rate of reproductive success.
If a species vocalizes nocturnally to attract a mate, then it can be expected that unpaired individuals vocalize at night more than do paired individuals and that the vocalizations produced at night are mate-attraction signals. If nocturnal vocalizations are used to attract nocturnally migrating females, then nocturnally vocalizing species should be nocturnal migrants and their nocturnal vocalizations should be made shortly after the male's arrival during the time in which females are arriving on breeding grounds.
Examples of birds of which unpaired males vocalize at night more than do paired males include the Common Nightingale (Amrhein et al. 2002 , Roth et al. 2009 ), Corn Crake (Crex crex) (Tyler and Green 1996) , Limpkin (Aramus guarauna) (Bryan 2002) , and Northern Mockingbird (Merritt 1985 , Derrickson 1988 . For the nightingale, further support of this hypothesis is that unmated males vocalize nocturnally until they have found a mate and resume vocalizing at night if their mate deserts (Amrhein et al. 2002) . Preliminary observations suggest that at least 85 species of nocturnal migrants vocalize at night after they are settled from migration (Appendix 1 online). However, little information is available for what specific period nocturnal vocalizations occur after arrival on the breeding grounds. Consequently, it cannot be concluded that the nocturnal vocalizations of these 85 nocturnal migrants function primarily to attract nocturnally migrating females. Regardless, the support provided by the few studies that have investigated mated status and nocturnal vocalization output make mate attraction one of the most substantiated hypotheses for nocturnal vocalizations.
PAIR BONDING
In many species, mates increase their reproductive success by vocalizing with one another to maintain a pair bond (Cézilly et al. 2000) . Night is likely an ideal time for diurnal birds to maintain pair bonds because few activities other than sleep, such as foraging, occur at night (Thomas 2002) . If a bird vocalizes nocturnally to strengthen a pair bond, then it can be expected that vocalizations produced at night are pair-bond vocalizations and that the output of these vocalizations is independent of nesting stage, provided that pair bonds are important throughout the breeding season. Many of the reports I surveyed did not specify which types of vocalizations are given at night. Vickery (1996) , however, did report that Grasshopper Sparrows (Ammodramus savannarum) sing a higher proportion of pair-bond versus territorial vocalizations at night than by day, indicating that night may be an ideal time to strengthen pair bonds. In this species the pair-bond vocalization is structurally more complex than the territorial vocalization (Vickery 1996) , which suggests that the Grasshopper Sparrow's nocturnal vocalizations may also be related to enhanced signal transmission.
REPRODUCTIVE STIMULATION
Previous studies have indicated that males' vocalization quality and output may cause changes to females' reproductive physiology and behavior (Brockway 1965 , Wright and Cuthill 1992 , White et al. 2010 . For example, female domestic canaries (Serinus canaria) that are exposed to complex song repertoires invest greater concentrations of testosterone and produce larger eggs (Gil et al. 2004 , Leitner et al. 2006 . Similarly, male Brown-headed Cowbirds (Molothrus ater) that increase song output and countersinging are more successful in copulation and produce more offspring (White et al. 2010) . Consequently, it may be beneficial for a male to increase his entire song output (including nocturnal vocalizations) to encourage his mate to invest more energy into their brood.
Reproductive investment by females can be measured in a number of ways such as egg size, clutch size, egg composition, and egg mass (reviewed by Christians 2002) . However, egg mass can be argued as a more direct and relatively easy measure of a female's investment in a brood (Christians 2002 , Ardia et al. 2006 . If birds vocalize nocturnally to stimulate their mate reproductively, then nocturnal vocalizations should be made prior to egg laying and the mass of broods of nocturnally vocalizing males should be larger than that of males that do not vocalize nocturnally. So far, only one study has indicated that nocturnal vocalizations may be associated with reproductive stimulation. Amhrein et al. (2002) found that nocturnal vocalization of male Common Nightingales has a second peak after mate acquisition and just prior to egg laying. The authors suspected that this second peak may be associated with encouraging the female to invest more energy into the brood. They predicted that if this was the case, then males should begin nocturnal vocalizations as females are depositing yolk. However, female nightingales deposit yolk 3 to 5 days prior to laying, and males begin nocturnal vocalizations only 1 day before (Amhrein et al. 2002) , indicating that more testing of this hypothesis is required.
MATE GUARDING
Night may be an ideal time for females to seek extra-pair copulations because dim light may allow them to remain undetected by their social mates (Alessi 2010) . Females may run, however, a high risk if caught by their social partner (Weatherhead et al. 1994 , Valera et al. 2003 . Punishments by cuckolded males can include reduced nest defense (Weatherhead et al. 1994) , reduced parental care (Chuang-Dobbs et al. 2001) , and increased aggression and physical attacks (Valera et al. 2003, Westneat and Stewart 2003) . Because paternity may be at risk especially at night, males may vocalize nocturnally to guard their mates from extra-pair copulations.
If nocturnal vocalizations function primarily to guard a mate, then they should be made during the time of year when females are fertile, be produced only by mated individuals, and should function to repel prospecting males. There have been no direct tests of this hypothesis, but it has been proposed as an explanation (alternative to the reproductive stimulation hypothesis) for why mated male Common Nightingales have a second peak in nocturnal vocalization just prior to egg laying (Amhrein et al. 2002) . Females may still be fertile during this time, which may prompt their social mate to vocalize at night to defend paternity.
SONG LEARNING BY OFFSPRING
Males with high-quality vocalizations attract more females (Howard 1974 , Vallet et al. 1998 , increasing their reproductive success and fitness (Eens et al. 1991 , Reid et al. 2004 . In oscine passerines, the quality of a male's song depends on at least some exposure to adult song of the bird's own species (Thorpe 1958 , Nottebohm 1968 , Catchpole and Slater 2008 . In many species, there is a period of sensitivity in which nestlings and juveniles can effectively learn their song (Kroodsma 1978 , Marler and Peters 1987 , Nordby et al. 2001 . As a result, males may indirectly benefit by singing as much as possible (including at night) to ensure successful song learning by their offspring so that they, in turn, will be able to reproduce as adults. This hypothesis may apply to hummingbirds, oscine passerines, and parrots, the groups of birds known to be capable of learning their vocalizations (Nowicki et al. 1998b) .
If a bird vocalizes at night to enhance song learning by its offspring, then nocturnal vocalizations should be made later in the breeding season after its nestlings have hatched, in a species that learns vocalizations. I found no hummingbirds or parrots reported to vocalize at night, but at least 55 oscine passerines do so. Little information, however, is available on what stage of nesting their nocturnal vocalizations occur, so it cannot be concluded that these birds vocalize at night primarily as a strategy to enhance song learning by offspring.
DISCUSSION AND FUTURE DIRECTIONS
Vocalizing at night is taxonomically widespread, occurring in at least 30% of 749 breeding birds in North America, spanning 62% of families and 82% of orders. Lack of significant phylogenetic signal indicates that nocturnal vocalizations are not simply the result of phylogeny and may be instead promoted by ecological factors. It is important to note, however, that the detection of a species' nocturnal vocalizations may be influenced by differences in research effort among families and orders. Consequently, nocturnal vocalizations may be more widespread than this number of confirmed accounts because of insufficient data or lack of publication about each species' pattern of daily vocalization. I encourage publishing data about nocturnal vocalizations across various taxonomic groups.
How often birds vocalize at night varies by species. For example, birds such as the Common Loon and Yellowbreasted Chat vocalize at night regularly, while others such as the Wood Thrush (Hylocichla mustelina) and Indigo Bunting (Passerina cyanea) do so rarely (Appendix 1 online). Regular nocturnal vocalizations by diurnal birds may be explained by all hypotheses discussed in this review; although some may apply during a restricted period. For example, for the reproductive stimulation hypothesis, nocturnal vocalizations can be expected regularly just prior to egg laying (Amrhein et al. 2002) but not during the rest of the breeding season. Occasional and rare nocturnal vocalizations can be explained by the hypotheses of elevated light conditions, reduced acoustic competition, and mate attraction. More specifically, birds with lower retinal sensitivity may be able to detect light only on nights with a full moon, which can promote occasional or rare nocturnal vocalizations. Similarly, birds may choose to vocalize occasionally at night when daytime noise is above a certain threshold, which may occur infrequently. Last, a male may occasionally vocalize at night to attract extra-pair females, if on occasion, he detects unpaired females in the area. More study is required to determine why these differences in nocturnal vocalization output exist.
Light levels change with latitude, so within a species nocturnal vocalizations may change with geographic location (Allard 1930 , Sorjonen 1986 ). For example, in Finland nocturnal vocalizing of the Thrush Nightingale (Luscinia luscinia) peaks at midnight, while farther south, as at Moscow, peak vocalizing is at dawn and dusk, although vocalizations in the middle of night still occur (Sorjonen 1986 ). Moreover, species whose breeding ranges overlap the high Arctic likely vocalize during times of continuous sunlight, as reported for 23 nocturnally vocalizing species. Additional studies of the effects of geographic range and latitude on nocturnal vocalizations are required for trends and timing in nocturnally vocalizing birds to be determined.
The prevalence of nocturnal vocalizations may have implications for conservation surveys and species detection. Surveys are often restricted to dawn or daylight (Ralph et al. 1995 , Francis et al. 2009 , which implies that a number of species that vocalize primarily at night may remain undetected or be misinterpreted as at risk. When the occurrence and regularity of nocturnal vocalizations across different taxonomic groups are established, sampling regimes may be adjusted to increase likelihood of detection.
Nocturnal vocalizations may function intersexually and/or intrasexually. Like dawn vocalizations, vocalizing at night often occurs with the onset of the breeding season before females arrive (Appendix 1 online). This is when territory acquisition and maintenance by males may incite nocturnal vocalizations (Staicer et al. 1996) , indicating an intrasexual function. Nocturnal vocalizations also occur later in the breeding season, when mate attraction and pair bonding occur (Catchpole and Slater 2008) , indicating an intersexual function.
The function of nocturnal vocalizations likely varies by species. In some species, vocalizing at night may be a by-product of artificial light conditions (Miskell and Justice 2001, Hill et al. 2005) , while in others nocturnal vocalizations are influenced by mated status (Tyler and Green 1996) . A species may use nocturnal vocalizations for different purposes throughout the year. For example, early in the breeding season male Common Nightingales may vocalize nocturnally to attract mates, later in the season to reproductively stimulate or guard their females (Amrhein et al. 2002) . Nocturnal vocalizations in a single species may be supported by multiple hypotheses. For example, the Grasshopper Sparrow's nocturnal vocalizations are largely pair-bond vocalizations (Vickery 1996) , which are more complex than territorial vocalizations that are produced during the day (Smith 1959) . This lends supports to both the pair-bond and the enhanced-signal-transmission hypotheses. Consequently, I encourage future studies examining nocturnal vocalizations to use a framework testing multiple hypotheses (Chamberlin 1965 , Platt 1964 .
There are several avenues for future research on nocturnal vocalization. Although many of the accounts I reviewed mentioned a species' nocturnal vocalizations, they provided little data about the specifics of these vocalizations. This study is also limited by each author's perception of night and regularity of nocturnal vocalization output. As a result, much of the information associated with each species' nocturnal vocalizations is still coarse and preliminary. There is a need for more research about the timing of each species' nocturnal vocalizations, the vocalization types produced, and potential covariates of environmental and/or individual condition that may influence nocturnal vocalization output. Future studies may examine why certain individuals in a population vocalize at night or take a comparative approach and examine what common factors incite nocturnal vocalizations. Overall, nocturnal vocalizations are understudied and further research is required for a full understanding of why birds vocalize at night. By establishing the prevalence of this phenomenon in North American birds, and highlighting key areas for future research, I have tried to elevate the study of nocturnal vocalization to its proper importance, so that nocturnal vocalizations may be understood as well as diurnal vocalizations.
